The susceptibility of austenitic stainless steels to the formation of two distinct weld defects, solidification cracking and lack of penetration, is related to the chemical composition of the base and filler material. The propensity for cracking is determined primarily by the solidification mode and the amount of residual tramp elements such as phosphorous and sulfur. High sulfur levels can lead to weld centerline cracking and heat affected zone (HAZ) cracking while very low sulfur levels (less than ~50 ppm) in types 304L and 316L are associated with lack of penetration weld defects and a distinct loss in puddle control during fusion welding. A calculated Cr eq to Ni eq ratio of 1.52 to 1.9 is recommended to control the primary mode of solidification and prevent solidification cracks in type 304L while the Cr eq /Ni eq ratio of 1.42 to 1.9 is recommended for type 316L stainless steel. A lower limit of 50 ppm sulfur is recommended to avoid possible lack of penetration. These ranges should be validated by welding trials for specific weld processes and applications.
Background
A small amount of carbon alloyed with iron makes steel. Iron is allotropic in that it exists in at least two distinct crystalline forms, primarily dependent upon temperature. At high temperatures, the face centered cubic (fcc) crystal structure of iron is stable and the term used to describe this phase is austenite. At very high and low temperatures, the body centered cubic (bcc) structure is the more stable phase and is given the name of δ-and α-ferrite, respectively. Rapid cooling with the attendant high solidification rates from the molten steel can "quench in" the higher temperature phase.
Chemical additions (i.e., alloying additions) can also alter the temperature ranges where these phases are stable. Nickel atoms are nominally the same size as iron atoms and arrange themselves in the fcc structure over a significant temperature range. Therefore, substitution of nickel atoms for iron atoms makes the austenite phase stable to very low temperatures. Chromium atoms are bcc; therefore, a large substitutional addition of chromium to the steel has the effect of stabilizing the ferrite phase. Thus, when approximately 8% nickel and 18% chromium are alloyed with iron, the austenite phase is stabilized down to very low temperatures and an austenitic stainless steel is produced.
Carbon and nitrogen atoms are smaller than the iron, chromium, or nickel atoms and occupy interstitial sites between the primary atoms in a given crystal. The unit cell structure of the austenite phase accommodates these interstitial atoms more readily than the unit cell structure of the ferrite phase. Therefore, carbon and nitrogen are very strong austenite stabilizers at relatively small volume fraction additions. Sulfur and phosphorus are considered trace impurity elements, remnant from primary and secondary processing. Steel can hence be considered an amalgamation of chemical elements within small crystals (grains) along with their accompanying grain boundaries. The finer the grain size, the stronger and tougher the steel. [1] Stainless steels typically contain >12 wt.% chromium for oxidation and corrosion resistance. Chromium forms a tenacious oxide layer on the surface of the steel, imparting a passivated layer that provides corrosion resistance. American Iron and Steel Institute (AISI) types 304L and 316L (L for low carbon content, 0.03 wt.% maximum) stainless steels (SS) are iron based austenitic stainless steels with the compositional ranges shown in Table 1 , depending on the specification to which it is manufactured. These alloys have adequate Ni (8% minimum) to be fully austenitic in the as-formed condition with adequate Cr (18% minimum) for corrosion resistance.
The low carbon specification is made to avoid the formation of chromium-rich carbides during Practical Failure Analysis Volume 1(4) August 2001 processing and especially during welding. A loss of free chromium by the formation of chromium-rich carbides can drastically reduce the local corrosion resistance and lead to preferential intergranular attack. If the carbon content in the steel is high (>0.03 wt.%), chromium-rich carbides may precipitate on grain boundaries in the weld heat affected zone. Such precipitation reduces the free chromium content and makes the heat affected zone (HAZ) susceptible to intergranular corrosion. Such a condition is termed "sensitization." [1] The depletion of chromium due to the formation, growth, and precipitation of chromium-rich carbide particles in the grain boundaries is favored where the steel encounters temperatures in the range of about 450 °C to around 850 °C, most notably in the HAZ of a weld. By simply reducing the amount of carbon available for the reaction with chromium, the L grades of stainless steel have an enhanced resistance to weld HAZ sensitization. In addition to the loss in corrosion resistance due to chromium depletion, weld sensitization also causes a loss of fracture toughness due to the fracture path provided by the complex carbides within and along HAZ grain boundaries.
In general, types 304L and 316L SS are readily weldable by common arc processes such as gas tungsten arc welding (GTAW), shielded metal arc welding (SMAW), gas metal arc welding (GMAW) processes, and other techniques. [1] These traditional arc welding processes produce moderate rates of heat input with correspondingly moderate cooling and solidification rates and will generally produce a crack free weldment with acceptable microstructure in typical heats of types 304L and 316L SS. However, a full understanding of specific interactions of primary and trace elemental constituents of the alloys that can affect the weldability is helpful in ensuring proper material specification. This article addresses some of the chemistry effects that relate to welding of ASME SA 240, types 304L and 316L SS. The concepts described and the calculations can also be applied to weldability concerns for other 300 series stainless steels.
The 300 series stainless steels are fully austenitic in the as-formed condition. [1] However, when these steels are arc welded, small amounts of primary δ-ferrite retained in the weld microstructure at room temperature reduce the hot cracking tendencies. Therefore, weld filler materials are designed by appropriately alloying the iron based material to ensure a minimum amount of retained ferrite in the completed weldment. For autogenous weldments (no filler material added), the base metal chemistries of the welded components will determine, for a particular cooling rate, the composition and microconstituents of the weld microstructure. The microstructure and thermal history determine the physical properties and serviceability of the resulting weldment.
The first solid to form during solidification of the molten weld pool determines the solidification mode. 
